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7mm random mutagenesis and visual selection of Hu- 
J ^' ra , cloneT we have isolated a T203I and a E222C mutant 
4 recent clones, »e na , £ h mutant has one 

< ? ? XSSEXS EE of the wild type deleted 
^etwo fluor ^ c y^ C 0 „ t a wavc , cn gth shift. This finding is 
•* STwS e h eStTon band corresponding to a distinct 
i ^rS«tate<,f the chromophore. Both mutations arc single 
P ^ acid exchanges which in the linear sequence are located 
K ^ the chromophore bu, in the folded pro.e.n may be 
^ Sin TtT vicinitv. We conclude that the mutations influence 
by changing the interactions between 
Z chromophore and its protein environment. 
ly.ords: Luminescent protein: Fluorescence spectrometry: 
Mutagenesis (MeSH) 



introduction 

The iellvfish Aoquorca vUn.ria and the sea pansv Rcnilla 
J^/emit green l.eht front a green-fluorescent pro, m 
,GFPl the in vitro emission charaetcnst.es ol winch n^luh, 
in vivo biolumtncscence emission [i -?]. Excitation ; - ; : ^ 
:< -cc Wished through energy truster Ircm toe ^•^;" J ; 
mi^scent (bioluminesccnt) proteins aequorin ,n . ; u-«,««.r«* ,.. 
and from a luciferase in ««..//.. The most intr.gumg lea uk 
"gFPs is that the fluorcphore responsible lor toe green fluo- 
t^cence is an integral part of the GFP pept.de chntn and no 
•prosthetic group. After limited protease d.gesuon o. A quo n a 
•GFP, a covalently modified hexapept.de ,s recovered that ha 
identical spectroscopic properties to that o. the ^^ut 
' Otherwise intact GFP [']. The essential features ol the chrorno- 
• phore. as proposed originally by Shimorm.ra [S] and ext. nded 
by spectroscopic studies of synthetic model chro.nophorcwnd 
dimensional NMR data [7] appears to be eovalent modth- 
ation of an internal tripeptide with the sequence SYG con- 
Uined whhin the hexapeptide. Alignment with the ammo acd 
•quence, deduced from the cDNA sequence [9], is consistent 
-«h a sequence FSYGVQ of the unmodified he.xapcpt.de com- 
prising amino acids 64-69 [7], Since GFP expressed m organ- 
ems other than jellyfish such as £ o>li [10.111. C ,/,,.r/«,W 
<W [10] and DrosophOa [12} still shows the character.s.u. 
Peen fluorescence, it has been concluded that the meehamsm 
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of chromophore formation is either au.ocatalytic or employs 
ubiauiious cellular component. 

Zuorea and Rcnilla GFPs most likely have a structurally 
identical chromophore. Characterization of a hexapept.de from 
SScFP containing the chromophore [13] is consent w, 
ihc sequence FSYGDR of the unmodified he.xapept.de. which 
ontains the same internal sequence SYG as Aequoreu GFP. 
The " scnlial identity of the fluorescence emiss.on spectra oh 
ItXoteins and the iden.it> of the absorbance spectra of the 
X5 noxapeptides containing the chromophore lurthjr su - 
port the structural identity of the chromophores [14VTIH . evo 
Z o L relationship of the two GFPs has not been , Mrton 
a molecular level since only the amino acd sequence o Aequo 
na GFP deduced from the cDNA sequence [9], but not ol 

clJlmophore tn A^n, and « GFP are J**^ 
stantiallv by the surrounding protein matrix. In spite 01 tne 
I" S structural identic of the 

cms the fluorescence excitation spectra ol the told.d pre tern 
Sr wdely. The W , GFP has two excitat.on max 
which were reportedly * M.uatcl aroum 9 a I • • 
while the Ke»///, GFP exhibits a maximum only a-*™^ 
This Jii:o'cncc was iiswrpi-^- as - P h , 

vuhetie model chromophores arc not fluorescent [,\. Ho* 
£ 1" norma, fluorescence is ^Z^.?!^^ 
Lr«< GFP is allowed to refold 15]. which tnd.uiies thai ine 
^. changes just described are not due to chem.ca. modifi- 
cation of the -exposed" chromophore. 

Since the lertiarv structures ol OFFs naxe iw» 
« To no, know which ant.no acd residues interact w,th 

' cence properties have been isolated by randon , m«t genes 
and visual 'election [16.17], Using a ^^f^lZ 
identified Acquorea GFP mutants with ammo a d exchange 
which have profound effect -n -hj fluorescence .xv.ta... 
spectrum. 

2. Materials and methods 

J /. &q*MMM »/ GFP m £ ...ft em nlosed the GFP ex- 

Random mutagenesis and iwl -.-a «t P • Gib ,. 0 
prc^on plasnud Tu»(o propagated .. «he t h* « J- con . 
BRL Lire Technologies. Gauher^ure. ID ■ Ju« na 
".rutted hv Chalfie and collaK.r;,:o,> F-> cloning iht Ui 
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sequence into I he Ulucicripi 11 KS^Moctor (Stnitaeene. LaJolla. CA). 
.illowine i'\puNMi»n nl GFI* under the control of I he IPTO-inducihle 
/,/< promt .».e: \\< ;i •"iiMon protein with 2. ; additional ammo acids derived 
from the 5'-rcgion ol I he /f-galactosida*c gene and from the piasmid 
polvlinker The lluoreseencc properties of the expressed wild-type 
GFP fusion protein arc identical to those of authentic Aequoreu GFP. 

? J Ritndvw mutuxcn?si.\ aiul visual screening 

Random mutagenesis of the GFP cDNA was achieved using the 
E. coli XLl-Red strain (Stratauenc), which is deficient in DNA polym- 
erase proofreading activity and DNA repair mechanisms and intro- 
duces random mutations 'into a piasmid during cell division. After 
propagating Tu*65 in E. coli XLl-Red for 2 days, the randomly mu- 
tated piasmid DNA was isolated (Wizard Midiprep. Promega, Madi- 
son, Wl) and transformed into the nonmutagenic expression host 
DH53. Bacteria were subsequently plated on 0.45 pore size nitro- 
cellulose membranes (Schleicher and Schuell, Keene, N.H.). providing 
a suitable visual background. The membranes were mounted on LB 
agar containing 50 //M ampicillin and 1 mM IPTG (Sigma.St. Louis, 
MO). The colonies were screened under illumination with monochro- 
matic light of alternating 390 and 470 nm wavelengths which was 
generated bv passing light from a 150 W Xenon lamp (Xenon Corpora- 
tion. Woburn, MA) through interference filters (CVI Laser Corpora- 
lion Albuquerque, N.M.). The fluorescence emission of the bacterial 
colonies was observed through a Schott KV 500 filter (500 nm cutoff 
wavelength). Piasmid DNA was isolated from both clones as above 
(Wizard'midiprep). and the insert was sequenced using the dideoxy 
chain termination method (18J on an automated 370A DNA Sequencer 
(Applied Biosvstems. Foster City, CA). The mutated plasmids were 
designated pGFP T3m and pGFP r::;0 . respectively. 

r * Protein fiitri/itvrttui 

The Av* f twt\<a GFPs wore isolated from E. coli DH5a harboring lhe 
wild-tvpe GrP expression piasmid Tu#65 or the mutated expression 
plasmids pGFP™ and pGFP E222C . Bacteria were grown in 1 L LB 
media containing 50 /Al ampicillin and 1 mM IPTG. harvested by 
centrifugation. and Ksed by freezing t-60 °C) and thawing of the cell 
pellet Debris was removed by oenihfugaiion at 14,000 x. if. and the 
supernatant was loaded on a G-75 Sephadex column (Pharmacia. Pis- 
caiauav. NJ 1 equilibrated with 10 mM phosphate buffer, pll 7.0. The 
column had been calibrated with molecular weight markers ribonu- 
clease A. chymotrypsinogen A and ovalbumin of 13.7. 25 and kL?a 
molecular weiahs. respectively • Pharmacia;. Fractions containing Or? 
were identified" bv fluorescence emission at 510 nm when excited by lhe 
appropriate wavelength. All three Aequorea GFPs elutcd from the gel 
filtration column with apparent molecular weights between and 33 
kDa. in good agreement with the calculated molecular weight ol the 
expressed GFP fusion proteins of 30.2 kDa. The peak fraction of each 
preparation was used direcilv for the lluorescence spectral measure- 
ments. The Reniila GFP was isolated from Renilla renifonms as re- 
ported previously [3]. 

2.4. Fluorescence spectroscopy 

Fluorescence spectra were recorded on a SPEX Fluorolog fluonme- 
ter (SPEX Industries. Edison. NJ) with excitation and emission band- 
passes set at 2 nm. 

2.5. Reagents 

If not indicated otherwise, reagents were obtained from Sigma (St. 
Louis. MO). 



3. Results 

Approximately 200.000 clones from a library of the Aequorea 
GFP cDN A carrying randomly distributed mutations were vis- 
ually screened for altered fluorescence properties using alter- 
nating exciting wavelengths of 390 and 470 nm. Whereas the 
wild type clone exhibited visible green fluorescence with both 
excitation wavelengths, one clone was identified which was 
fluorescent only when illuminated at 470 nm. DNA sequencing 
of the coding region revealed a single base mutation changing 
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Fig. 1 . l luorescence excitation (a) and emission (b) spectra . 

cell extracts containing green-fluorescent proteins. A Acqw 
, tspcvet : i > : B. ,-U-</'«"v"GFP T:ini mutant. C A^wrcaQY?, :: 
i (solid lines) and Renilla GFP (broken lines). The excitation sp« 
■ _ ..... , . .; x »j e -v«i*p. welensih of 520 nm. For ihs 
l^uTY^ fixed Exciting wavelength was 400 nm for the 
'.wild-t/pc and for GFP 1MII . and 470 nm for GFP E2 : 2C and Re 

Ttfc spectra are normalized to equal peak heights, lne c 

10 mM sodium phosphate. pH 7.0. and the temperature wc 



the codon of E222 from GAG to GGG which re; 
glycine at this position. In addition, one clone wa- 
which exhibited the inverse behavior in that u was fl 
only when excited at 390 nm. The DNA sequence ot 
showed a single base mutation which changes the 
T203 from ACA to ATA. This exchange results in an 
and thus turnes out to be identical to a mutation T~ 
had been reported previously [16]. 

The fluorescence spectra of protein extracts contin 
found dissimilarity between the mutated and the \%»w 
teins (Fig. I, Table 1). The positions of the emissio 
of both mutants do not differ substantially from in 
wild-type, but the excitation spectra show marke 
which, comparina the two mutants, can be viewed as 
events: whereas GFP T20 3. has the 480 nm peak 
retains the 400 nm peak, GFP E22:G has the 400 nm pc 
and retains the 480 nm peak. In both cases, the 
intensity wavelength of the retained band is not en* 
pared to the wild type. 
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5JtauJRSGFP4 mutant arc from reference [17]. 



4. Discussion 

«*Tn the present report as well as in previous publications 
hStlLES" GFP mutants with altered fluorescence prop- 
Li irlTescnbed which have been isolated by random mut- 
ator are *« cr f henot y pes 0 f interest. These muta- 

? that not onlv changes in intensities, but also in the 

"Xgn o sSns of fluorescence excitation bands are 
r^These mutations concern amino ac.ds within the 

VMH and Y66W [161. wel1 ili lhc mplt: mUW 
4S RSGP;; whS his Ihree substitutions wKhin the 
rSvGVQ hexapeptide. resulting in the sequence MGYGVL 
Sun contrast four A«,uon-a GFP mutations can be grouped 
oeethe because the relative intensit.es of the exc.tat.on bands 
I hanged, in «** cases to the extreme of completely ■ ddcl- 
g one band. ***** alteration of the wavelength pos.uon o. 
Sards still present. These mutations compnse T2031 and 
which have the 480 nm peak deleted ([161 and Fig. 1). 
Um wWeh has the intensity ratio of the excitation bands 
t favo of the 480 nm peak [16]. and the mutation 

S the chromophore and influences its fluorescence proper- 
no^oLrvative nature of the observed ammo aod 
exchanges suggests that polarity and electrical charge of the 
SrSnTSthe chromophore are important determinants 

"ZSSSx? chromophore, two spectroscopic states 
lave Sen observed which correspond to the two absorbance 
Z£T« H and 445 nm. The relative 
bands can be shifted by varying the pH. ™* * C 
of an isosbest.c point indicates that not ^^"J^TSe 
scenic states are involved [7]. That in the folded protein the 
S^£.« hibits two similar states is JW^J 
by the existence of the mutations described above which changL 
only lhe relative intensities of the exc.tat.on bands but not the 
position of the bands on the wavelength scale. These w at.on 
suoo^, that in the folded protein the chromophore assumes. 
SS£. P- roLpic'statcs with fluorescence excitation 
rZZ of lo'and 480 nm. the relative intensit.es o. wh.ch 



depend on interactions between the chromophore and the C- 
i.M iniivil nan of lhc prolcin. 

r GFP has two fluorescence excitat.on max.ma 

u So and 480 nm. whereas the Rcnilk, GFP has one exc.tat.on 
ilium at 409 nm ([,4, and F., Two Jjj-GiP 

— mult aTnol^Ihi,; have the 400 nm 
CP P Ilj;JU rnuunt a _ exc itation spectrum 

3S towT^oftl GFP (Table 1). To determine 
whether similar or analogous substitutions are responsible for 
The p t ^ opic differences between the Renilk .and 4**-* 
GFPs wul require elucidation of the iterife GFP ammo ac.d 
?eauen« and alignment with the Ae^orco GFP sequence. , 
m abiUty to express fluorescent GFP in a var.ety of organ- ; 
isJs mak s it an extremely useful fluorescence marker. Fo 
xam' whenGFPwas expressed "^erthecontro o^ , 
«ne oromoter the characteristic fluorescence of GFP ap 
oea ed in J ivo in those cells that normally express mcc- 7 . 

^2£SZSZ Z£££ P-in of interest 
n v vo M an example, a fus.on construe, of the Exu protem 
Tnd GFP was expressed in Drosophila oocytes, and the spatial 
• rfbu onldUora. appearance of the fluorescent Exu- 
r.FP conformed to that of the endogenous Exu protem [i-l 
?he introduc on of mutants which change the fluorescence 
Ironir ics of GFP will enhance the usefulness of th.s protem 
MuSs wUh independent fluorescence --t.n are a va Ub ; 

ers simultaneously, ii ne J f n shoulo encourage 

the C-terminal region ol Uk <j. 1 P" .. 

s=S3SSS33ise 

peptide chain. , 
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